An ultra-low leakage current single carbon nanotube diode with split-gate and asymmetric contact geometry Appl.
The excellent electrical properties of single-walled carbon nanotubes ͑SWNTs͒ have generated immense interest from researchers seeking to fabricate nanoscale devices.
1 Already, SWNT field effect transistors ͑FETs͒ have been developed that outperform silicon devices in some aspects, [2] [3] [4] and research efforts to understand the underlying mechanism and improve the performance of SWNT-FETs are ongoing.
In the present work we focused on the fabrication of a SWNT device that operates as a rectifying diode. Several research groups have fabricated SWNT-based diodes, [5] [6] [7] [8] either using conventional approaches such as selective doping in part of the nanotube 5, 6 or by adopting local split gates to design the carrier concentration in the nanotube. 7, 8 However, by exploiting the well-known characteristics of the Schottky barrier of SWNT-FET, it may be possible to construct a SWNT-based diode simply by adjusting the Fermi level lineup at the nanotube-metal contact.
The Schottky barrier at the metal-nanotube contact has been noted as a key parameter determining SWNT-FET performance. 9, 10 Common p-type operations are largely due to a low Schottky barrier for hole transport at the metalnanotube contact. In this respect, the fabrications of n-type SWNT-FETs have proved challenging and interesting. Nosho et al. and Oh et al. constructed a n-type FET by using a low work function metal electrode. 11, 12 Researchers have also tried to construct an asymmetric contact electrode to achieve Schottky diode operation in SWNT-FETs. [13] [14] [15] In the present work, we fabricated symmetric p-type SWNT-FETs with high work function metals, and then converted these devices into Schottky diodes by modifying one of the contact barriers with a self-assembled monolayer ͑SAM͒ of molecules containing a thiol group.
The SWNT-FETs used in this study were fabricated by the patterned growth method, 16 and conventional photolithography followed by lift-off. Figure 1͑a͒ shows an atomic force microscope ͑AFM͒ image of the bare device used in our experiments ͑i.e., before SAM treatment͒. Onto this bare device, patterns were made with SU-8 negative photoresist to expose one of the contacts for chemical treatment, as depicted in Fig. 1͑b͒ . Two self-assembling molecules, 2-aminoethanethiol ͓HSCH 2 CH 2 NH; molecular weight ͑Mw͒:
77.15͔ and 3-mercaptopropionic acid ͑HSCH 2 CH 2 CO 2 H; Mw: 106.14͒, were purchased from Sigma-Aldrich, and used without further treatment. These molecules were selected because they each contain a thiol group, which is well known to favor the formation of highly ordered monolayers on Au surfaces. 17 Figure 1͑c͒ shows the molecular structures of 2-aminoethanethiol and 3-mercaptopropionic acid, and the predicted directions of the dipole moments of the pristine molecules.
The electrical transport characteristics of the devices were recorded first without molecular treatment, and then the device was reacted with a 10 mM solution of self-assembling molecules in ethanol. tical microscope image of the device, and the lower right inset shows the band diagram after the 2-aminoethanethiol treatment. As shown in Fig. 2͑a͒ , a symmetric I-V curve is observed before introduction of the SAM. After the 2-aminoethanethiol treatment, by contrast, the device exhibits a highly asymmetric, diodelike I-V characteristic.
For comparison, we fabricated devices in which both contact electrodes were covered with SU-8, exposing only the nanotube body region ͓Fig. 2͑b͔͒. After treatment of these SU-8-covered electrodes with 2-aminoethanethiol, the device showed symmetric I-V characteristics with decreased conductance, as was previously observed by Kong and Dai, who attributed the conductance decrease to the electron doping nature of the amine groups. 18 When we used a 3-mercaptopropionic acid SAM in similar experiments, no significant change of transport characteristics was observed ͑data not shown͒.
The diodelike operation of the SWNT-FET with a 2-aminoethanethiol SAM can be explained by the formation of asymmetric contacts after the molecular treatment of the cathode surface, as depicted in the inset of Fig. 2͑a͒ . A similar self-assembly approach has been used to control the Schottky barrier height in organic electronic devices. 19, 20 We used two molecules, 2-aminoethanethiol and 3-mercaptopropionic acid, which are predicted to have different dipole directions ͓see Fig. 1͑c͔͒ . We found that of these two molecules, only treatment with 2-aminoethanethiol resulted in diodelike operation.
Using ab initio electronic structure calculations, we investigated the different effects of the 2-aminoethanethiol and 3-mercaptopropionic acid molecules on a bare Au surface. We used the same calculation method as in our previous work. 21 Here we adopted slab geometry with six gold layers, in which the two layers in the center were fixed during the geometry optimization calculation. Plotting the local potential with respect to the Fermi level, we obtain the work function of the bare Au surface as well as the 2-aminoethanethiol-and 3-mercaptopropionic-adsorbed Au surfaces, as shown in Figs. 3͑a͒-3͑c͒ , respectively. The calculated work function of the bare Au surface ͑Ϸ5.2 eV͒ is very close to the previously reported value. 22 The work functions of the 2-aminoethanethiol-and 3-mercaptopropionicadsorbed Au surfaces ͓Figs. 3͑b͒ and 3͑c͔͒ exhibit obvious differences. Specifically, adsorption of 2-aminoethanethiol molecules substantially decreases the work function ͑Ϸ3.9 eV͒, whereas adsorption of 3-mercaptopropionic acid has little effect ͑Ϸ4.7 eV͒. This difference in electronic structure confirms that the asymmetric I-V pattern observed after treatment of one electrode of the SWNT-FET with 2-aminoethanethiol was due to an adjustment of the Schottky barrier at the treated contact.
To investigate the effect of treatment with 2-aminoethanethiol on the transfer character, we measured the evolution of the I-V g characteristics of the SWNT-FETs, as shown in Fig. 4͑a͒ . Before the reaction with 2-aminoethanethiol, the device shows typical p-type transistor behavior ͑black circles͒. After treatment with 2-aminoethanethiol for 10 min ͑empty squares͒ and 5 h ͑gray symbols͒, however, the p-channel conduction decreases and n-type conduction becomes dominant, as indicated by the solid arrows in Fig. 4͑a͒ almost unchanged upon further treatment. As a result, the SWNT-FET with a 2-aminoethanethiol SAM on one contact shows an ambipolar transfer character. The ambipolar transfer character can be explained by considering the band diagram with an asymmetric contact, generated by SAM treatment of one contact. Before the SAM treatment ͓Fig. 4͑b͔͒, the Fermi levels of the electrodes are aligned with the valence band of the carbon nanotube, leading to p-type behavior. After the formation of the 2-aminoethanethiol SAM ͓Fig. 4͑c͔͒, however, the Fermi level of the cathode is aligned with the conduction band edge. For the SWNT-FET with a treated electrode the hole current would still dominate under the condition of V g Ͻ 0, as shown in Fig. 4͑d͒ . However, significant electron conduction will occur in the treated device when V g Ͼ 0, as shown in Fig. 4͑e͒ . As a result, the device shows ambipolar transfer character.
It is also noteworthy that the threshold voltage of the device does not change significantly after SAM treatment of one of the contact electrodes, as shown in Fig. 4͑a͒ . It is well known that shifts in the threshold voltage are largely due to variations in the doping level in the semiconductor channel region, whereas changes in the slope of I-V g curves derive from variations in the Schottky barrier at the contact. 23 These findings also confirm that introduction of the SAM of 2-aminoethanethiol modifies the Schottky barrier at the engineered contact.
In summary, we have fabricated p-type SWNT-FETs and then converted them into diodes by tuning the Schottky barrier height using a SAM technique. Highly asymmetric, diodelike I-V curves were observed when one of the contacts was treated with a 2-aminoethanethiol SAM. Ab initio electronic structure calculations confirmed that adsorption of 2-aminoethanethiol onto a Au surface induces a strong decrease in the work function, whereas adsorption of 3-mercaptopropionic acid has little effect. The present results suggest that tuning the Schottky barrier by introducing a SAM of a selected molecular species could be a practical method to control conduction patterns of nanotube-based electronic devices. This work was supported by the MOST, the MOCIE ͑No. RTI 04-03-06͒, and the electron Spin Science Center at POSTECH, Korea. One of the authors ͑N.P.͒ would like to acknowledge the support from KISTI under the "7th Strategic Supercomputing Applications Support Program." 1
